The aim of this study was to assess the effects of continuous positive airway pressure (CPAP) on arterial stiffness, central blood pressure, and reflected pulse wave characteristics in patients with severe obstructive sleep apnea (OSA) and stage 2-3 arterial hypertension. Methods: Forty-four patients with hypertension and severe OSA (apnea/hypopnea index . 30) received stepped dose titration of antihypertensive treatment, consisting of valsartan 160 mg + amlodipine 5-10 mg + hydrochlorothiazide 25 mg. CPAP therapy was added after 3 weeks of continuous antihypertensive treatment with BP , 140/90 mmHg or after adjusting triple treatment in patients with resistant arterial hypertension. The patients were randomized to effective CPAP (4-15 mm H 2 O) or placebo CPAP (pressure 4 mm H 2 O) for three weeks, then crossed over to the alternative treatment in a single-blind manner. Office blood pressure (BP), ambulatory BP monitoring, ambulatory arterial stiffness index (AASI), aortic BP, carotid-femoral pulse wave velocity (cfPWV), and systolic wave augmentation index were measured using a Sphygmocor ® device at baseline, after antihypertensive treatment, placebo CPAP, and effective CPAP. Results: Baseline cfPWV was above the normal range in 94% of patients. After reaching target BP, the cfPWV decreased by 1.9 ± 1.0 msec (P = 0.007). Effective CPAP achieved a further cfPWV reduction of 0.7 msec (P = 0.03). Increased arterial stiffness (pulse wave velocity . 12 msec) persisted in 35% of patients on antihypertensive treatment and effective CPAP, in 56% of patients on antihypertensive treatment alone, and in 53% of patients on placebo CPAP. Only the combination of antihypertensive treatment with effective CPAP achieved a significant reduction in augmentation index and AASI, along with a further reduction in aortic and brachial BP. Conclusion: Effective CPAP for 3 weeks resulted in a significant additional decrease in office BP, ambulatory BP monitoring, central BP, and augmentation index, together with an improvement in arterial stiffness parameters, ie, cfPWV and AASI, in a group of hypertensive patients with OSA.
Introduction
Obstructive sleep apnea (OSA) is a highly prevalent condition. According to population studies, about 24% of men aged 30-60 years and 9% of women are estimated to have OSA. 1 The close association between OSA, overweight/obesity, and cardiovascular morbidity and mortality is a major health problem. 2, 3 Several studies have indicated a causal relationship between OSA and hypertension, diabetes mellitus, and cardiovascular disease. 2 In fact, the relative risk of all-cause mortality in patients with severe OSA has been reported to be 1.5 times higher than in patients without OSA. Severe OSA significantly increases the risk of fatal and nonfatal cardiovascular events, 4, 5 and the apnea/hypopnea index has been identified to be an independent predictor of cardiovascular events, particularly in middle-aged individuals with OSA. 6 Interventional studies revealed substantial improvement in symptoms associated with OSA, ie, daytime sleepiness, snoring, morning headaches, and reduction in BP, in patients receiving continuous positive airway pressure (CPAP) therapy. Moreover, the benefits of effective CPAP on reduction of cardiovascular risk and fatal and nonfatal cardiovascular events have been established in multiple large trials. 2, 5, 7, 8 The pathogenesis of cardiovascular disease in patients with OSA is not completely elucidated. Various mechanisms may be involved, 9 including intermittent hypoxia, which has been described as the main trigger for cardiovascular and metabolic changes. 3 Sympathetic activation, vascular endothelial dysfunction, and metabolic dysregulation, together with oxidative stress and inflammation, 10 may contribute to increased blood pressure (BP) with a pathological circadian profile and variability. 2 These mechanisms have been considered to explain the beneficial outcomes of CPAP. In this regard, abnormalities in both the small and large arteries are an attractive target. In fact, studies have reported that patients with OSA show vasoreactive dysfunction, vascular remodeling, 11 and accelerated progression of atherosclerosis. 12 Considering arterial stiffness as a new marker of cardiovascular risk, 13 it has been recently reported 14, 15 as being increased in patients with OSA. 16, 17 Moreover, recent meta-analyses of CPAP in patients with OSA have shown significant improvements in all parameters of arterial stiffness. 13 The objective of the present study was to assess the effects of CPAP on arterial stiffness, central BP, and reflected pulse wave characteristics in patients with severe OSA and grade 2-3 arterial hypertension.
Materials and methods
From May 2007 to August 2009, 112 patients with suspected OSA and grade 2-3 arterial hypertension were identified at the Russian Scientific Cardiology Research and Production Center. All these patients underwent full polysomnography and a trial of CPAP. Fifty-five percent were excluded from participation in this study due to comorbidities, including diabetes, persistent atrial fibrillation, severe ventricular rhythm disorders, an implanted pacemaker, chronic use of hypnotics, fluctuations in body mass, or being intolerant to CPAP. The study was approved by the local ethics committee at the Russian Scientific Cardiology Research and Production Center, and is registered at ClinicalTrials.gov (NCT00801671). Fifty patients were enrolled.
Study protocol
All patients underwent standard overnight polysomnography (Embla, Reykjavik, Iceland) as previously described 18 ( Figure 1 ). Only patients with severe OSA (apnea-hypopnea index . 30 events per hour) were included. The patients initially underwent Somnobalance-e, (Weinmann, Hamburg, Germany) for CPAP. Compliance with CPAP was determined from time-pressure data downloaded from the CPAP device. Arterial hypertension was diagnosed according to current guidelines published by the European Society of Hypertension. 19 BP measurements were determined using a conventional mercury sphygmomanometer. 20 Resistant hypertension was diagnosed when lifestyle measures and treatment with at least three drugs (including a diuretic) at adequate doses had failed to lower systolic and diastolic BP to target. 20 Any previous antihypertensive treatment was discontinued for at least five half-lives (6-10 days). During this washout period, the patients were treated with a short-acting antihypertensive treatment (captopril 25 mg as needed) and were instructed to measure their BP at home at least four times a day. The patients then received stepped dose titration of antihypertensive treatment every three weeks if BP was uncontrolled (,140/90 mmHg). The first step was valsartan 160 mg + amlodipine 5 mg, the second step was valsartan 160 mg + amlodipine 10 mg, and the third step was valsartan 160 mg + amlodipine 10 mg + hydrochlorothiazide 25 mg. CPAP was added after three weeks of continuous antihypertensive treatment with BP , 140/90 mmHg, or after adjusting triple therapy over three weeks in patients with refractory arterial hypertension. Patients were randomized to receive either effective CPAP in automatic mode (pressure 4-15 mm H 2 O) or placebo CPAP (pressure 4 mm H 2 O). After three weeks, the patients were crossed over to the alternative ventilation regimen in a single-blind manner.
The carotid-femoral pulse wave velocity (cfPWV), central BP, and systolic wave augmentation index were measured using a Sphygmocor ® device (AtCor Medical, Sydney, Australia). The direct carotid-femoral distance was measured for calculation of cfPWV, 21 and 24-hour ambulatory BP monitoring was performed using the BPLab device (Peter Telegin Ltd, Nizhny Novgorod, Russia) every 20 minutes during the day and every 30 minutes at night. Ambulatory arterial stiffness index (AASI) was calculated using a software module based on the 24-hour submit your manuscript | www.dovepress.com
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BP monitoring data, and was considered to be increased if it exceeded 0.5.
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Statistical analysis
The data analysis was performed using InStat 3.0 software (GraphPad, San Diego, CA, USA). The data are presented as the mean ± standard deviation; if non-normally distributed, they are shown as the median (5-95 percentile). A two-tailed Mann-Whitney U test was used for parameters that showed changes during treatment. The correlation between variables was determined by univariate regression analysis. An alpha level of 5% was considered to be statistically significant.
Results
The mean observation period was 13.2 ± 1.5 weeks for the 34 men and ten women who completed the study. All patients were Caucasian and obese (89% had a body mass index . 30). Two-thirds (n = 31) were diagnosed with stage 2 arterial hypertension (Table 1 ).
Blood pressure
Forty-four participants had stage 2-3 arterial hypertension and severe OSA, of whom ten received valsartan 160 mg + amlodipine 5 mg, six received valsartan 160 mg + amlodipine, and 28 received valsartan 160 mg + amlodipine 10 mg + hydrochlorothiazide 25 mg. Twenty-five patients (57%) who received valsartan 160 mg + amlodipine 10 mg + hydrochlorothiazide 25 mg did not achieve a target office BP pressure , 140/90 mmHg, so were considered to be refractory to treatment.
On antihypertensive therapy, brachial systolic BP decreased by 25.4 ± 12.1 mmHg and brachial diastolic BP by 11.6 ± 2.0 mmHg. Changes in central systolic and diastolic BP were 26.0 ± 13.7 mmHg and 11.0 ± 1.6 mmHg, (Table 2) . Aortic BP showed a somewhat greater decrease than brachial systolic BP (−16.5% ± 7.8% versus −14.9% ± 7.8%, P = 0.047) on antihypertensive therapy. Adding effective CPAP to medical antihypertensive therapy resulted in an additional BP reduction, in central systolic BP (−6.7 ± 1.1 mmHg, P = 0.006), diastolic BP (−4.6 ± 0.5 mmHg, P = 0.002, Table 2 ), brachial systolic BP (−5.8 ± 1.0 mmHg, P = 0.05) and diastolic BP (−4.5 ± 0.5 mmHg, P = 0.04). The difference in relative reduction of central BP and office brachial BP reached statistical significance only for the systolic component (6.1% ± 1.1% versus 4.3% ± 1.1%, P , 0.05).
In comparison with placebo CPAP, switching patients to effective CPAP showed a respective decrease in both central and office brachial BP of −4.4 ± 0.4 mmHg (P = 0.4) and −4.6 ± 0.6 mmHg (P = 0.06). Diastolic changes were significant only for central BP (−4.0 ± 0.4 mmHg, P = 0.02) and not for office brachial BP (−3.4 ± 1.0 mmHg, P = 0.1).
On combined therapy (antihypertensive treatment + effective CPAP), the reduction in office brachial BP was 31.2 ± 11.1 mmHg/15.9 ± 9.3 mmHg and in central BP was 32.7 ± 4.0 mmHg/16.5 ± 13.9 mmHg. Placebo CPAP was not associated with a significant decrease in BP. Ventilatory support per night was 5.1 ± 1.6 hours, and the respiratory disturbance index recorded by the CPAP device was 4.4 ± 2.1.
Arterial stiffness
The cfPWV was measured in 34 patients (with difficulty acquiring tonometry measurements in some obese patients, Table 2 ). In 32 patients (94%), the results were above the normal age-adjusted range. Seventy-three percent of patients had a cfPWV above the upper limit of normal (.12 m/sec). 20 After titration of antihypertensive treatment, when BP goal was achieved, cfPWV decreased by 1.9 ± 1.0 m/sec (P = 0.007). Placebo CPAP did not affect cfPWV, while effective CPAP achieved an additional reduction in cfPWV of 0.7 m/sec (P = 0.03). At the end of the study, increased arterial stiffness (cfPWV . 12 m/sec) persisted in 35% of patients receiving optimal antihypertensive treatment and effective CPAP, in 56% of patients on medical therapy alone, and in 53% on placebo CPAP (Figure 2) .
The AASI was increased in 61% of patients at baseline. After antihypertensive treatment, any changes in AASI did not reach statistical significance. AASI was reduced only after adding effective CPAP to medical therapy, with increased AASI persisting in 32% of patients (Figure 3) . At baseline, the augmentation index was 25.6% ± 11.1%, and tended to decrease after antihypertensive treatment (∆ = 4.0%, P = 0.2). When medical therapy was combined with effective CPAP, the reduction in augmentation index increased up to 5.9% and reached statistical significance (P = 0.04).
Overall cardiovascular risk
Using the European Society of Hypertension guidelines for the management of arterial hypertension, 20 a very high global cardiovascular risk was identified in 19 patients, high risk in 13 patients, and moderate risk in 12 patients. Using the Systemic Coronary Risk Evaluation chart, cardiovascular risk exceeded 4% in 29 patients. Inclusion of an additional "vascular" factor, ie, arterial stiffness, as assessed by cfPWV, augmentation index, and AASI, substantially modified the overall cardiovascular risk, with four patients being switched from moderate risk to high risk.
Discussion
In the present study, addition of effective CPAP decreased arterial stiffness to a greater extent than medical therapy alone. Patients with severe OSA in this study were at high cardiovascular risk (9.4%, using strict criteria) which is consistent with the published data citing a predicted Systemic Coronary Risk Evaluation risk of 13.9%. 
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In this study, integration of a further vascular factor resulted in a substantial amendment of global cardiovascular risk, with about one third of patients being switched from a moderate risk to a high risk category. This observation emphasizes the importance of assessing vascular factors when determining the risk profile of patients with severe OSA and arterial hypertension.
Seventy-three percent of our study population showed markedly high PWV values, which is in agreement with the data reported in the literature. 13, [23] [24] [25] In our study, patients treated with effective CPAP showed a further reduction in PWV of 0.7 ± 0.6 m/sec (P = 0.03), with an almost 1.5-fold increase in patients reaching target PWV (Figure 3 ). These changes are comparable with the mean PWV reduction of 0.7 m/sec observed in patients on lipid-lowering therapy. 14 It should be emphasized that, according to the literature, a decrease in PWV of 1.6 m/sec is equivalent to functional "rejuvenation" of vessels for 15 years. 26 Other parameters of arterial stiffness, such as AASI, showed less sensitivity than PWV, with significant changes seen only in patients on a combination of medical antihypertensive therapy and CPAP.
The initial augmentation index has been reported to be an independent risk factor for cardiovascular disease, and the augmentation index has been reported to be higher in patients with OSA than in controls. 27 In our study, only addition of effective CPAP to antihypertensive therapy achieved a significant improvement in the augmentation index.
Several recent studies have reported that aortic pressure is a more precise predictor of target organ damage than conventional brachial BP. 28 The central BP reduction observed in our study is in agreement with the results reported by Phillips et al after 2 months of CPAP (−4.2 mm Hg). 29 It should be noted that this relatively minor central BP decrease may be significant in terms of prognosis, given the finding of the ASCOT-CAFÉ study that an intergroup difference of 3.6 mmHg in central BP decreased cardiovascular mortality by 24% and the risk of fatal and nonfatal stroke by 23%. 28 Moreover, the results of the CAFÉ study suggest that certain drugs have an "additional" effect on central BP, which may explain the benefits in terms of cardiovascular morbidity and mortality. The basis of this "additional" reduction in central BP seems to be related to an impact on arterial stiffness and the reflected wave, ie, if combination therapy using an angiotensin-converting enzyme inhibitor and a calcium antagonist is given. In our study, the duration of combination antihypertensive treatment was short, but seems to have been adequate to observe this "additional" effect on central BP. This "additional" decrease of central systolic BP was shown after effective CPAP was 6.1% (P , 0.05). Whereas decrease of office systolic blood pressure was just 4.3% (P , 0.05). Therefore, our results suggest that the beneficial effect of CPAP in patients with OSA and arterial hypertension is related, at least in part, to an improvement in arterial stiffness and reflected wave parameters.
One should also take into consideration that a number of factors can potentially have a negative impact on the vasculature in patients with OSA. Nocturnal apneas initiate several pathophysiological mechanisms related to adrenergic activation, and are accompanied by chemoreflex-mediated increases in sympathetic activity in the peripheral blood vessels. Toward the end of an apneic episode, BP can reach levels as high as 240/130 mmHg, 30 and the pattern of BP at night has specific features. 2 Recurrent hypoxemic stress increases the release of vasoactive and trophic substances, including renin, noradrenaline, thromboxane A2, and 2 These abnormalities affect the stiffness of the arterial wall.
Another major mechanism leading to changes in the walls of the central arteries is protein glycation, which was very likely to have been present in the participants in this study, given that the majority of our patients had disordered glucose metabolism. Under chronic conditions, this leads to active vascular inflammation, and then to proliferation, consolidation of the intima, and changes in the media, resulting in stiffer arteries. The results seen in our study may be related to the effect of antihypertensive treatment on these parameters, with a further beneficial effect from CPAP.
There are several limitations to the present study. Although our findings show that effective CPAP for 3 weeks achieved a significant decrease in office BP, ambulatory BP monitoring, and central BP values, as well as improvement in the augmentation index and in arterial stiffness parameters, ie, cfPWV and AASI, it was a single-center study and is limited in power by its relatively small sample size and short duration. Although a number of potential confounding factors were addressed, the existence of other as yet unrecog nized variables should not be overlooked.
Our study was limited to the use of applanation tonometry with the Sphygmocor and ambulatory BP monitoring. The blood pressure-independent impact of CPAP-therapy on arterial wall stiffness could be assessed with beta stiffness index and cardio-ankle vascular index (VaSera). 31 However, this requires additional methods of investigation, such as ultrasonography and the VaSera vascular screening system.
Conclusion
In hypertensive patients with OSA, effective CPAP administered for 3 weeks achieved a significant additional decrease in office BP, ambulatory BP monitoring, and central BP values, together with an improvement in the augmentation index and arterial stiffness parameters, ie, cfPWV and AASI. Further studies in a larger number of patients are needed to confirm these observations.
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